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Abst rac t . Studies of solar variability impmve our kIIowledge  of tlw
internal structure al]d dyrlarnica] ]jroccsscs  taking  place within the SI]n
that leacl to solar irl adiancc  cl]atlges. Because of the astropl}ysical an(]
climatic significance of irradiancc  variability, considerable effort has been
devoted to lnodel and u]ldcrstancl its physical origin. I]owevcr, earlier
analyses did not provide adequate irlformation  on the nulllbcr of variables
needed to explain aIId predict the observed cl~anges and tl)cy were u[lablc
to characterize the noise i~~ tl]c data. 2’}Ic I~lain purlJosc  of this ])aper is
to study tl]e noise characteristics of total sol,ar irradiance  a.~ld to identify
the major componerlts  of the s]]ort-term irradiancc  changes usitlg  a ncw
technique: Singular Spectrum A1lalysis.

1. In t roduc t ion

Various space experiments within  the last oue and half decades clc]nonstratrxl
that total solar irradiance  varies over a wide range of periodicities  011 both loIlg
and short time scales (Rohlich,  1994). l’he long-term irradia]lce  variations over
the solar cycle are attributed to the c]langillg  emission of bright magnetic ele-
ments, including faculae and the magnetic network (Foukal  & Lean, ] 988). l’llc
short-term variations from days to months are directly related to the evolution
of active regiom  (Ilohlich  & Prq), 1989). The most striking events in the short-
term changes of total irradiance  are the sunspot-related temporary dips wit 11
amplitudes up to 0.370 (Willso]\  et al., 1981).

Although considerable information exists on irradiance variability, the un-
derlying physical mechanisnls  are not yet understood. ‘l’he current empirical
models of total irradiance,  developed with linear regression analyses (c,g., Foukal
& Lean, 1988; Pap et. al,, 1994), cannot explain all aspects of the observed
changes. These regression mc)dcls  underestimate the observed irradiance  duriug
the maximum of solar cycles 21 and 22, causing considerable uncertainties in m-
intimating and predicting the long-term changes which are important for climate
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studies. We note that tl}c rcgycssioll  tIlodels call only give overall i]lfcnm)atioll
on the observed itradiancc  cha]lgcs al]d tllcy lqlect  tl~at  solmr  total irradiallcc
and its surrogates arc ‘(l~sell[]o-l)cl’io{]ic”  sigllals  wit]l variable s])cc.tral  ]Jrolmr-
tics (e.g. Ikblllicll  & l)a]j, 1 989; Douwwr, 1992).  It has lJCCI1  shown that, the
variatiolls  in total ir-radiallce  can t)c studied more successfully ill t lw frcquc]lcy
domain, using nlultivariate  sl)cctral alla]  ysis. ILcsults of lnultivariatc  slJcctral
ana lys i s  (F’rti}l]ich  & Pa]), 1 989) SI1OW tl~at  collsidcrablc  variatioll  rerllaills 111]-
exp]ained  in tots] itradiaucc  after ]CIIIOViIlg\  the cf~cct  of surlsl}ots  and brig]lt,
maglwtic  features at ])criods of 9, 13.5, aI]d 51 days, and tllc alnl)litudc  of t,tlis
residual variability de])elids  on tl~c pllasc of the solar cycle.  l] OWCVCr,  it is lmt
clear wllcthcr  tllc ullcxl~laiued variatioils  alc related to the noise i]] t,llc data or
they rclmcscnt  adciitional e~~cl)ts colltributi~lg  to imadialkcc  changes,

Before designing an clll])irical  t[lodcl, t,llc first qucstiol~  to ask is how nlany
variables arc required to reconstruct the ot)scrvcd  clla~lges  u]) to t llc ]Ilcaslux~-
mcnt  accuracy. ‘J’his  issue iulplies  tl]c llcccssity  of dctcrlllillitlg  tllc dcgrccs o f
freedom of t}le  variability of t hc exalni~lcd  system, or iIl other  words, to dct cl-
~nine tlm statistical di~nc~lsiol) of tllc datasct. lt is also csserlt ial t o C11OOSC  tl~e
most appro])riate  basis functions) ratllcr  tllall to fix thcrn, before lllldcrstarldill~
the dynamics of the ]Jhysical  systcln.

Ill tliis I)a~Jcr  we ]wcsc~lt  tllc first resul ts  of  Sillgular S]jcrtrul~l  Analysis
a]>plicd  to study the variability c)f total solar irradiancc  observed l)y t,llc AC]{.]  M
1 r-adiol[~ct.cr  on tl]e Solar Maxi]nunl Mission (SMM)  satellite ill 198(1 and its
rc]ation  to the evolution of active rcgiolls.  “1’he ])rcsc~lt  work }las bccli stinllllatcd
by the theory of nonlinear dynalnical  systculs and chaos. I]) tllc last dCCadCS
considerable ncw illform{itioll  has bcml acculnulatcd  011 tl]c sut)jcct al~ci tl~erc
arc now tccll]]iques  dcsigucd to deal with actual  observed data (is ol~])oscd  to
data gcncratcd  by compute] silnulatiolls (oit  ct al., 1994).

2. A new approach  ill  s tat is t ical  modeling:  sing~llar-  Spcctr-ll]tl
Analysis

An advanced statistical xl]cthod, Singular s{)cctruln  Alialysis (SSA) l)as
been developed and al)l)licd  to study and undcrstaltd  nollliucar  a~~d chaotic
d y n a m i c a l  systcxns (Vautard  CL a~., 1!392). It co~rlplclncllts  tllc tllcory of such
systems with a statistical tool to extract as much information as ])ossiblc  frol[l
short and noisy data. SSA has nutncrous  adwultagcs  coln])arcd to for)ncr]y used
techniques. SSA performs as a data ada])tivc filter, instead of usil)g fixed basis
functions, therefore it is highly capable of distinguishing between t]w dOnlinatlt
oscillations of the systcm and clarifying tllc noise characteristics of tllc data.
‘l’his method allows us to model tile former part of variatio~is  in great detail aJld
to isolate the parts of irradiance  changes of the greatest interest.

SSA is based on Principal ComI)onellt Analysis in the tilnc ctolnail~.  ‘]’hc
examined dataset  is augmented into a number of shifted time series u]) to a fixed
value i14, called window Icngt]). “J’hc  basis of SSA is to calculate tllc Al x Al
]ag-covaiancc  matrix between the shifted time series. ‘1’hc so-callcci  Sitigular
Spectrum is created from the cigcnvalues of this matrix which arc arranged iri a
monotonically deer-casing order. ‘1’hc Singular Spectrum lCVCIS off after a ccrtaiu
order by forming a noise ftool. The number of cigcnvalucs above the noise
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IFigurc 1. ‘1’he  tixllc  series of tl)c ACIUM I total solar irradiat]c.c  is
]Jlottcd  in }ig. la (Iuril]g tl]c II(ormal  o]m-atioIl of tllc SN4h4 satellite ill
1980. (I>hc corrwlJoIldit]~ Si~lg(llar  S])cctrl]]n  is  ]Jrcse]ltcd  ill };i~. 11).

floor rcl)resc]lts the statistical din]cnsion  of the investigated tilrle  series at;d tlmy
arc associated with deterlnillistic  conll~orlcllts  in LIN signal. ‘~’hc l~igllcst  order
eigenvalne is related to the lllost  significant variability in tllc cxaxllilled  tilnc
series ald in many cases it rc]nwsc~lts  tllc tre)ld ill tlw data. ‘1’l)c  eigcnvcctors
of the lag-covariance Inatrix  give the so-called tcrlll)oral  ellll)irical  ort,l~ogo]lal
functions (rJ’-ltOF’s).

‘J’hc origiual clatasct ab[)vc tl}c noise ICVC1 aIId/oI  only parts of interest  call
bc reconstructed as a ]~rojection  to ccrtaill  ‘1’-1K)F’s.  ‘1’llcsc  ‘( Itccollstructcd  Co~l~-
poncnts”  arc usually asssociatcd  with particular oscillatio!ls  belougill~ to ccrtail]
cigcnva]ues.  We note that the l(utnbcr of the resolved components, rcprcscntirlg
various oscillations in tljc data, am dctcrmillcd  by the J4 willdow lcI@ll.  ‘IG
reconstruct strange attractors, larger J14 is better, but. to avoid t hc statistical
errors, t}~c window lcr@ll sltould be lCSS than otlc tl~ird  of tllc lcl@ll  of t}lc
investigated time series. Furtlwr  clctails  on SSA arc Ijrovidcd  by Vautard  cl al.
(1992).

3. Reconstructed short-tclln  changes of total irradiance  and sunspot,s

in ,this section the sutq)ot-related short-term c})angcs in total solar irradiance
are analyzed by means of SSA. For this purpose wc have chosen the l~orlllal
operational mode of the SMM/ACIUM  I data in 1980, wl~c~l tlm lne~~urillg
])rccision of ACR.  IM I was so high that all the observed events had solar origin
(Willson  et al., 1981). The SMM/ACIUM  1 time series ar]d its Singular Spcctrutn
with M = 60 window length  arc ])lottcd  in Figs. 1 a and b, respectively. As can be
seen, M many as 20 degrees of freedom of the ACIUM 1 data arc established from
the cigcnvalucs above the l~oisc ICVC1. ‘J’llc first 20 com])oncnts of the ACIUM I
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irradiancc  values (Fig. 1 a). ‘J’llc good agrccmcnt  between tll(!  observed am]
reconstructed irradiance  data  illcIicates tll:it the first 20 com]mne]ks represent
tllc obscrvecl  variability and tl~c lloisc  co]kributcs  to o!ily  a very s~[tall fractiol]
o f  the obsmvcd  irradia;lcc  signal  ill 1980.
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l’igurc 2. ‘J’he I)rojcct(!d {Lr’eas of ac.tivc  sullslmts aI’c ])rcscnt(!t]  ill k’ig.
2a. ‘1’l]c solid litle sliows tl~s data collected frorll tile Solnec]l. Dwinyc
Cataloguc. ‘J’he sy]l~bo] o rc])rcsc~)ts  t he  rccollstructcd  colll])utletlts
above the noise level. ‘J’lIc  corrcsl Jonding  Si~lgular  S])cctrum is ])lottcd
on the rigl)t-side l)al~cl (b).

‘1’0 reveal illformatioxl  01] tile eflect of the evolution of active regions on total
irradiance,  the projected areas of ‘(active” and ‘[]>assive” sunspots )lavc bc!(!?l
almlyzed  with SSA. ‘J’he activr  s])ots  l)avc been defined by l’s]) (1 985) as fast
developing comI)lcx sunspots with y and/or 6 maguctic  configuraticjl)s  associatcxl
wit]] newly emergi~lg ~Ilagnctic  activity. ‘J’hc ])a.ssivc  spots arc, old siln])lc s])ots
with a or /3 magnetic configm ations. ‘J’he time series of the ])rojcctcd  areas
of active and passive spots arc plotted in Figs. 2a and 3a, riw}mctivcly;  the
corresponding Singu]ar  S1)cctmi are presented in Figs. 2b and 3b. Figs. 2a :Llld
3a SI]OW that the largest dips in total irradiancc  arc associated with the peaks
in the active spot areas. 111 contrast, t hc area of passive spots is highcy when
peaks occur in the ACIUM 1 data. As can be seen from Figs. 2b and 3b, the
Singular Spectra of the active and passive s])ots  are also quite different. in the
case of the active s]>ots,  tl)c noise level is much lower than for the ])assivc  sl)ots.
CJ’his is related to the larger ]rlcasuring uncertainty of the areas of passive sl~ots,
which are in general much smaller than the complex active sunspc)ts.  As many
as 18 degrees of freedom of t)lc changes ill the active spot areas art! established,
whereas about 14 degrees of freedom are fout~d in the CMC of the passive spots,
indicating that a snlaller  number of oscillations can be identified from their areas.

l’he  individual componellts  of the ACRIM I total irradiancc,  rcl)rcsenting
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F’igurc 3. ‘1’hc  same as ill l’ig. 2 but  for tllc ]mssive  sJ]ots.

the nlost sigxlificant  o s c i l l a t i o n s  bctwccl)  J)criods  10 alld 51 days, llavc  I)cclj
l’CcO1lstruCtccl  ad ~jlottcd ill ]~ig. 4 .  111 col]]])zrison,  Figs. ~ and ~ S]1OW t ])~
same fm the ~nwjccted areas of active a~]cl ])assivc s])ots, rcs~)(!ct  ivc]y. As catl
bc sccxi  from Fig. 4, tllc f i rs t  four ltccollstructcd  Colnponcllts  (llc!rcaftcr ItC)
in the ACIUM 1 data rc])rcsc]lt  the 50 atld 25 days oscillations a.<sociated  wit])
sunspots. I’caks  with periods of 25 and 50 days arc also isolated ill tl~c first
five ltCs  of the ])rojccted areas of active s])ots  (F’ig.  5). An oscillation] with a
period of approximately 16 days is clearly seen ill both total ir~adiance (ItC5-
6) and in the active s]~ot  arc!a (IKW8),  which a])l)cars  to bc harlllollic  to tllc
50-day oscillation. ‘J’hc origin of ltC7-8 and ILC9-I O in tc)tal  irradiallce  is lCSS
clear. ItC7-8 rclJrescnts all oscillation with a period of about 11 days and every
second dip in this lW corrcsI)onds to a diI) in R.C2-4 (25-day oscillation). ‘] ’}lis
suggests that IiC7-8 is a llar~nonic  of tllc 25-day oscillation. IW9- 1 () rc])rcscxlts,
on average, the 13-day oscillation in the ACIUM 1 data, but it do[!s not secm to
be in phase with ally of the sc])arated  oscillatory com])oxwl]ts.  ‘J’his  indicates that
the 13-day variability in the A(}IU M total irradiallce  rel)rcsellts all i~ldc])endcnt
oscillation, rather than a resorlance. In the case of the active spots, llC9-1 1 is
a mixture of a variability with 11 to 13 days and it seems to be associated with
the 25-day oscillation,

As can be seen from Fig. (i, the Reconstructed Components of the passive
spots arc quite different from those of total irradiance  and active sunspot area.
The largest cigcnvalue in the Si]lgular Spectrum of the passive s])ots  represcld
a 30-day variability. It is intercst,ing to note that this oscillatio~l  almost dis-
appeared in A])ril and May when a number of IJCW active regions, causir]g  the
first  di])s in the AC}UM 1 data, were formed on the Sun. ‘J’llc 30-day oscillation
is restored in J unc with the d(!cliuing  ncw activity and it is seen in the rest
of the investigated time interval in 1980. RC3 represents a trend which has a
maximum in July, when maitll  y old act ivc regions dominated the solar surface.
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Figure  4. ‘J’]le Ilccollstructc{] Col,l])ol,cl,ts of the SMM/ACltIM  1
total solar irracliance ulJ to order 10.
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Figure  5. ‘J’llc Rccollstrllctc[] Coltl~jo~lcllt,s  of tl~c ~]rojcctcd areas of
active sullslmts.

1W4-6 ill the projected areas of ])assive spots call  be identified as a 20-day oscil-
lation, however, its anl])litucle  cl)allges  over tilnc. ‘1’he change of its allq)litudc
is a~lticorrelated  with  tlw tcmlmral  variation of llC3.  I{C4-G is clcatly  l)rcscIlt
by mid-htiay  (l Jay 125), whe~l its Icngtll  bctwcml successive peaks  dccxeases  to
about 1 (i days. ‘J’hc original 20. day oscillatio~l  m-a])  lJears  ill early Sc])tcn)])er.

4. Conclusions

Itcsults of Singulal  S])cctru~n  A1lalysis  dclllollstratc  that tl~c dominant variations
of total irradiatlcc  with 11, 13, 16, 25 and 50 days ])criods arc related to I]cw
lnagrlctic  activity rcpresclkcd  by tl)e active sutlspot  grou]js.  ‘J’l]erc is a clear
diffcrcucc  between tllc tcnlporal  lwl~avior  of various coxn])oncllts ~cconstructcd
in the projected area of active and passive s])ots. While in the case of active
spots, similar to total irradia~lce,  tlic cxalnincd  oscillations arc ])rcsellt  over tllc
entire tirnc interval (February to L)ccexnbcr 1980) with stable  pcriodicity,  tlm
oscillations arc more unstable in tlw case of ]Jassive  s])ots. in this latter case
there is a trend, indicating that the old activity was most dominant in mid-1980.

Many of the frequencies found in the SMM/ACIUM  I total irradiancc and
projected areas of the active sl)ots  are similar to those of other solar events,
such as flare activity, proton events, radio ffuxcs. ‘J’hcsc frcqucncics  arc CIOSC
to intcgra]  multiples, suggesting that they are subharmonic of a fundalnental
frequency (13ai & Sturrock, 1991). A nolllinear  dynamical systeln  with a ]xxi-
odic forcing term can show periodic behavior at subha.rlnorlic  frcqucncics.  It]
the future we plan a systematic study of solar variability in tcr]ns  of nonlin-
ear resonance locking and breaking between various modes. These studies will
lead to a better understanding of t he solar dynamo, the governing force of solar
variability and the solar-induced climate changes.
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